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ABSTRACT

All availabls rawin reports taken within the circuletier of tropical storms
are combined to obtein a generalized paitern of the upper wind circulistione The
cyslonic circulation decreases rapidly with height and by 45,000 ft the elrsulsticn
is antisyclonis beycnd 2° latitude from the centere. The relative vortisity in
the upper tropoaphers was found tobs negetive and great enough in magnituds 25
that zero absolute vorticity is aporoeched,

Intraduation

The tropisal ocyclons has lorg been resognised ss a warm ocre low (of. Bhaw,
1922) in whish, from nydrostatic coraiderations, the pressure difference batwsen
the siorm center and the envircmment, and oscnsequently the oyclcnic cireulation,
must dsorense with elevation. Many of the early investigzators insisted that the
tropical cyclone was & snallow system that completsly disappearsd below 3 im,
Haurwitz (1935) showed convincingly that a tropSsel oyolops with a central pras-
sure much below 1000 mh zus+ necessarily extend through a large portion of the
troposphare. This was dons by computing, from 2 form of the hypsomsirie equatien,
the mean temperaturcs ir the atorm cemter whirh would be required in order tc nule
1ify the pressure gradient at varicus lewele, [5ply when the upper extent of ths
storm was sasumed to bs at least IC km did the mean temperaturs appear reascnable.
Haurwite pointed out that the storm circulation did not nscsssariiy end at tis
i=ight of zero prassur:s grecdient but that perheps absvs this level the pressurs
field was oppositely directed, thus providing sn outflew mechanism for the eir
whiasl ¥ad flowed into the storm at lower levels and mscended neer the zenter,

Pilot ballcon chservations which had been teken ix the trcpical sjyulons
sirculation were gonerally in agreement with 4his scheme, However, thoe heavy
oloud systems about the storm vsually prevscted the sollsotion of date very resr
tke senleres Only after ths introducticn of redar and RDF winds in the 134073 war
it poesible to obtain winds extending to great haighis near the storm csnter.
These Fepores showeu viearly ihe artansien of the eyslonis eiroulastion “hrougr
groat depths, often to 40,000 % and highsr, and showed some evidence o =w
npper cutfliow patterns The mumber of wind reports available at any givern time or
for any omm storm hms boern 85 meager that i1 las been imposaibls to at..mpi auy
dastailed syncptio study of the upper circulatiern pattern cf the *ropical store,
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Por this study, wind data were collected %c de%srmizs the meau upps? eir=
oulatior pattern of the trepissl oyolone. The data used were taken durirg the
years 1945 through 1961 et islané ard scast-l stations within the extent of the
surface sireulativa of iropieal cyoleness In the beginning the storms wers di~
vided intc large and smell Pacifie storms and Atlantic storms. ZIHowever, it was
nessasary to discard this cisssifisation and combine all the data simss the
rumber of reports wrned out te be rather smmll for eash of the slassificaticnse.
Some of the difficultiss of sembinirg data from ztorms of different sise, isbten-
sivy, snd ateges of development wsro antieip:ied and sertain preesntions, dis-
ocuesed below, were takexs

Type #nd Ameunt of Data

The Pucifio storm tracka were obtained rrom Nevy and Air Weather Servisce
reports end almo from publisazicns of the Royal Obserwvetory, Hoog Kong. In
the Atlantic the iragksz ware taksa from the llonthly Weeathsr Review. Many of
*he data were from the Horthern Hemisphere Historisal Maps and from “hess only
s22 repors per day waas available. Data taken fram the Daily Upper Air Bummsrise
ani taletyype reperts provided =% cbacrvetions per daye For the years 1548 and
1860 there were no Peoific datae aveilatie,

The reports used in this study were loeated from 2%=° latitude from the
atorm center:. The zumber of rewin reports availsble within 2% latitude of the
senter wus so small that thay were mwt intludede Most of the Paelifis storm
tracks uesd nere between 10SE and 30%¥ latitude, while most 21l ef the Atientio
storma fell between 20°F and 30 N. An attempt has been made to uss only reports
takon in the mature storms. No winds have besn used from the oirculation of de~-
velopling storms, dissipating storms, or from stcrms which had recurvsd inte mid-
dls latitulese Further, to maks the Asta ag homogensous &5 possible only those
wind reports whieh extended to at least 30,000 ft have been used.

The lowest level taksn wez 4000 £t since data for the 700=1000 £t level
had already been sollasisd 1o o previous study by Hughes {i552je The levels
used hare wers 4CC0 £, 7000 f¢, 10,000 £+, 18,000 £t, 3C,000 £t, 40,000 f+ and
45,000 ft. The muwber of winds at sesh level frem 4000 ft te 30,000 ft was ap-

proximately 130, tapering off to 88 reportzs at 45,00C ft. Xore than half of the
reports were from Atlantis stations,

Prosessing of the Wind Cbservations

The first ste; in the proceseivg o “he &te wus %o break down each wind
report into its instantanec s tangsutial and rediel ocomponsnts about the aterm
oenter. Tuias was donme by piotting eaeh report on & polar disgram (Pig. 1) with
the direotion of motion of ths storm takén along the 0° arxise The distance
@leng ths redivs veste- from the sioTm center to the reporting station and the
aoglo betwsen this relius veater and tho velooity veotor of the storm motlen
ware determinsd from the storm tsasks. 7Then nalng these values as socrdinatss,
ths wind weetor wes pletied on the peler diagrem. The angzie betveen the rediue
¥ostor and the wind vestor wus measured, end by multiplying the wird spmed by
the sains and acsine of this sangle, the tangentisl and radial somponsnis wers
ottained. Cyolonio sirsuietion and irflow have been taken as poeitivec



Sources of Error

The accuracy of the tangential and radial components obtained in the
ranner deacribed above is affected by (a) inaccuracies :a the reported positicn
o the storm centar. gb) the gtcrm movement during the I0=-6C mimmtes taken for

the balleorn sscert and (o) the facit that the ballcon dves nut ascend vertically
above the statiocn. This is independeat of sarrors in the wind obsevvation itsslf.

Brrore in the reportsd positicn of the storm undoubtedly int-oduce signi-
fiocant errors in the somputed wind occmponents in individual cases. EHowever,
sinse thege errors tend %o be random, they should have no significant effect
oa sompositas features.

The sffect of the storm movement durirg the pihal cor rawin run has been
considerad small in compariscn with the other scar<es of error. This effect
couid not be taken into acsount sinys tus instantanecus storm position and move=
mant are naver knewn with sufficient acouracys

The drift of ths talloon away from the repor%ing staticn during its as-
2ent, if pct cor-ectsd for, introducea srrors in the ocomputed wind oomponents.
Further, these arrors are systematic in the sense that computed ragdial wslge-
ities are always too large, Ze3..exc9ssive inflow or deficient outflew, and the
tangentiel velocities ars too small in areas of inflow and toc large in areas
of cutflcw. This effest is of most importance where +the balleon drift and ths
turning of thpgwind along 2 trajsctory are th  greatestes Therefore, all re-
perts within 4° Jatitude of the storm center have uswen corrected by plotting
the balleon trajectery end determining for eash level the correct position of the
wind observation with respect to the storm center. At the 45,000 ft levsl in
scmd cases the drift was in exocess of 30 km and the correction as large as 5
knote. The corrsstion is mosh imporbtant fir tha gmallew oFf the ws wind some
ponentse Therefeore, it i2 usually mere impertant for the radial componert in
the low levels and benomes more important for the itangent'al somponsnt at high-
ar levels,

It was assumed that the etorm centsr is vertical throughout the tropospheres
This assumption appears to be quite walid, ac the siope is usually too small tc
b3 debtertsdi and no cong’stent direction of slicpe has been observed.

Mathod of Combining Data

Ths raported winds at ali levels in the storm -irsulsilon were prosessed
in the manner desoribed above. The wind componentw =~ total, radial and tecger—
tia) «~ and the distance from the storm centsr were tabulated for individual
reports for eaoh levsi and cotants At a given distance from the Genter, for
exampie 2°~3% latitude, the individual valnes of the components were found to
very over a large rarngs. 7This wide varisticn was not completely unexpested
zinse all sizes of gtorms had tesr unsed, However, the combination of these
data to gzive & Zoumpositu plcture of the ciroulation presented a diffisult pro=
tlem. Tha rusber of vaiues in any ons degree latitude sirip in a givon octant
was not largs encugh sc that an sverags would have had much siznifisence. Often
there were less than five reports and mean devimtions wers as larze s= 10 knoizs

Secause of the 41Tficulty of ovtalning signilicart mesn valuss, a revawnat
=cre qualitative fachnique has besn ussed ip comdining the dagae. Scatter diagrams
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of the wind velecity versus the distance from the storm center were prersrsd
for the totel, tangentiai, and radial componsnta for eacsh ostant at each levele
First, ourves were drawn to best fit the datay then, the curves yere adjustsd to
make them as irter-ally corsistent as pcssible without vioclating ihe datae The
follrwine ecopsiderations havs been uusd In making these ourves consistents

{(a) the ‘mareutial and rediel veloeity .ields when sdded veotorially should
give the total veleceity field, (b) the field dimtribution of the componexats
should show some degree of regulerity about the storm wnd in the vertieal,

for example, the losation of the cctant of maximum winds wowld not be ~xpsstesl
to wary wildly about the storm from level tc level, &nd (¢) the vertical shear
should be negative and not exnsed cartain limite imposed by the rather flat
temperatures field known to exist abcut ths tropioal storme After the curves
ware adjustad the wind componsuts were tabulated at I¢ latitude intervals for
each ootant at sash level. For want of & better term, the values read from the
adiusted curves have besn referred te as meanue.

This smoothing of the daia necessarily resulted in a much simplified pio=
turs of the storm eirculation. Howsver, in view of the differemses between in-
-Aividual storms; the non~steady scnditionz usually prelent within a sterm, arnd
the misro~strusture of the atorm ciroculation, a mean circulation should be ex=
panted to she- only the large scals features whish are generally found in the
trenlisal astorm.

The Tangential Cc@pﬁncnt

A field diztributiion of the tangential velocity was drawn at esch level
using the méan values obteired from the sostter diagrams. These sharte are
shown in figures 2a-e. 8ince the patterns were similar at 4000 ft, 7000 ft,
and 10,000 f4, oaly the 700C ft ohart har been reprodused.

Thess charta show that for any leval a% a given radius the tangential com=
pousnt varies over & considerable rangs. For example, at the 7000 ft level
(Fige. 2a) the tangential componsnt at 5° latitude from the certer is 20 kncts
in ontant 1IT (ofe Fige 1) whils 4% is only § knois at the same distance out
fu octant VIIe At all level:z the traxtsst poritive tangentiml componsnts

(synlonis) are found in cotent I1I. The smllest tangential componente are
ir ootant VIT, ' v .

- Nsgutive tangontial oomponents (antiﬂyolbniﬁ flow about “he storm oenter
flrat apprar 2t 310,000 €4 {n the oubsr kortlon oI ths olrsulaticn. At 40,000
£+ and 48,000 £* a small ocore of ceyolonis airsulation is compietely an.ircled
by the anti-Syslonie eirculstion. The decreass with helght in the extent of wns
ayslenis ol rouiation of the atorm -is shown quite oleerly by these charts.

Thes appearance of the graatest cyolonle tangserntisl oomponente in ostant
iI1 and the lowest in ontant VII are & Pefle&tion of the superimpnsed rotaticn
and transisticn of the storme In ostants II and III a large oomponent of tha
Batore ®molion is additive o the rotation, while ;5 outanta VI and VIJ & large
:oapeutnt is op ~cned te the rat&tian.

The maznitude of ths mewn t&ngential acmponants uear the storm center.
ahewn by fignre 2a-6, &3 woll &5 the magnithﬂe of the radisl components, sre
provabiy somevhat less tha thoka fcuﬁd ine ‘vpfaaf“ oyslons. This bias

tewsrd weaker winds resulis from toe fast tnat <hy groq&**litj of ob{&nc.ng
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a wind report withic 4% Istituds of the storm center is much lesc when the sur-
face wind is siroog than when it is relatively weak,

_Average vaiues of the tangential component arcund the storm were obtained
ani the vertical shear was computsd from them {Fige 3)o This shear is & maxi-
mum at-the highest levels and clsssst to the sturm center.

Semputation of StceringVCurrnga

If the observed storm circulation is & comb:nation ef a field of rotation
and a field of translatien, then we can obiain the field of irsnslation by tak~
ing helf the differsnce betwsen the tangential compcnentis along the axis nor-
mal to the direction of motion on both si ss of the storm center. For instance,
say that the tangential componernt is easi, 50 knots, at a point 3° 4o the north
of a westward moving storm and west, 30 kmo%s, at a point 3° to the scuthe Then
the steering current is east, 10 knots.

~This computation wag carried ont in the band {rom 29 te 4° latitude from
the certer at all levols between 4000 and 30,000 fts Ths steering current so
obtained thersfore rapresents the mean flow of the tropoephere from the viei-
nity of the surface to 300 mb over a band 8° latitude wide. Its spead, taken
&xs the pressure weightzd mesn of ths computations at 211 available levels, was
9,7 knots. The average spesd of movement of the storms insluded in this study

#as 11 knots. Brident.y, the smell differsnce is ffully withip the limitations
of th= date.

If we are tc Le certain that ths storms move with the steering ourrent in
which they are smbiadded, we must repeat the above calculation eleng the axis
perallel to the direstion of mction. This cumputation will tell us whether
the steering ourrsnt is entirely in the direction of motion or whether it hax
‘% component ncrmal to it. It is the result of ths computation that the normal
semponent of the steering surrent is less than ons knot, and therefore should be
considered a: zerc within the limits of asccurasy of the data.

Yt follews that in the mean, tropisal storms move in the direction and
with the spesd of the steering rurrent, if the latter is defined es the presg=
sure weighted msan flow from the surfeca to 300 mb and extending over a band
87 Tatitude in width oentered on the storm. Herewith, the validity of the old
Gouoept of stesring has besn allirmede. We must presums +hat marked departures
of gtorm paths from steering, as sometimes reported i= the literaturs, are due
mainly to inadequate kncwledge of the horlzontal and vertical wind struoture
in irdividual :cases, &nd also o attempts to oversimpiify the probiem by try=
ing to find a "stearing lsvel," Rienl and Burgner (1950) suggested that the
conospt of a asteering laysr muzt replase that of steering level, end Yeh (i356C)
found that in his model the stcrms move on the everage with Lhe mean speed of

the steering current, The preszent computaticns provide obsarvationel verifi-
ontion for both of thess statemanta.

¥ean Vortioity

. The mean rolative vorticity of anmlar rings cex bs oomputed from the

tangential componsnt alons, ©v ob*aining the cirsulation around these rings a:zé
dividing by the area.¥ = 2'?{!-_:':;-’ =here r,, r sre the radius and v,, 7 are
tha tengestial vslosify o1 "0 L Lisr and inner partion of ths rings, respective~
lye The mean vorticity was sompured for rings of 1° latitude width from 2% to
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¢ from the gtorm center. The computed velues are shswn in e mean vertimal
oross=seciion (Fige 4)e

The mean relative vortisity at 900 mb has a maximmge in the 20m30 Jlatie
tude ring an2 deoresses to zerc in the §0=€0 ringe The area of peszitive vore
tioity decreases rapidly with height and & 500 rb only the 29-32 - ug has a
pogitive values Abeove 500 mb the negative relative vorticity is found everye
shers in this 20=88 ragion, The horizcntal shear is ewerywhere antiayvelanis
(Fige 2a~e)a At low levels the curvature is oyclonic and this term iz greatsr
in magnituds than the szhaar, resulting in ragions of positive vorticitys. The
magnitude of the antleyelonie shear inoreases with height up to 200 mb, espee=
eially near +the sicrm oentere The curvature term decreawes with height and
alsc radirlly from the center, the most rapid deorease in both direationn aa=
eurs nastest to the storm sentere These terms sombine tc glve negative ree
lative vorticity which reschus a maximmm sbout 3%40o latitude from the cen»
ter and at 200 mbe

The fact that storms of different size and intensity were sombined
necessarily sontributes to mean shears somewhat smaller than would be obe
zarved in individual cesess Even so0 the relative vorticity at 200 mb resched
s negative value of 4.9 x 10~5 sec™l for the 30-49 ring. As the Coriolis
parameter, within the latitude range of the majority of ths storms, is be=
tween E40 and Sel x 1075 see‘l, the magnitude of $he mean absolute vortici=
ty le somewhsrs in the range of 0 te 10~% seo~l, It would thus appear that

in individual sases, limited areas with nsgative absolute vorticity are like=~
ly to exist,

Badial Component

The accuracy of the radial component taken from the adjusted ocurves of
the ssatter diagrams is open to sonsiderable doubte This is besause, through=
out a deep layer roughly from 10,000 ft to 30,000 ft, the radial component
of the individual wind reports vacillated betwessn inflow and outflow. Bince
the inflow and cutflow angles were in genoral quite small in this layer, the
computed radial components are very sensitive to errors in the storm position
and movemente Only et the 40,000 ft and 45,000 't levels where the radial
oompornant is of the same order of magnitude ss the tangential eould mush comn=
fidense be placed in the radial value. Howewer, sufficient consistensy was
shown betwssn the 4000 f¢, 7000 ft, eand 10,000 ft mean radial distributions
so that the low levsl radlal pattern appeara to be of significances The

7000 ft level has been reprocduced although the exast valuss may be some-
what ln errore

The mean inficw at the 7000 ft level ia about 30 per cent of thut shown
for the 1000 ft lsve) by Hughes (1952). Thus the s*rong inflow is limited
te a reiatively shallow layer nesar the surface, The low lewvsl dis*tribution
of the radial velocity {Fig. Sa) shows & large area of inflow in ootants
111 = VI1 and a smaijier srea of outflow in catanta VIiII, I and II, The sanme
rattern, indiceting a mcvement of the storm with the basie current was shown
at all leveise The largor area of inficow, resulting in net inflow nsar ths
surfece, became smaller with height, The areas of inflow and outflow were
nearly balenced in the 10,00C fv to 30,700 £t rsrion and at the unver le-
wals the areas of outflow becams much mcre wideaspread (Fige Sb)e At these
upper leveis cuiflow ol the order of 30 knztus was .uuzd on the forward side
of the storm, octanss I and Viil, while wsak inflow is 2411l present in oo~
tants 111 smd IVa



Resultant Wicds

he radial and tangential oomponents have been combined to vbiaia ihe
field distribution of the resultant winds. Streamiiws have bean drawn for
7000 f% and for 45,000 £t (Pig. 6a,%)s The str-anlimy pattern for the 7000 £t
lavel 18 con-ide=ad wssontlially correct, even tnough the radial osmponent is
somswhat 3: doubt. At this level the radial in generel is much smeller than
the tangential end kas litile effeot on ths resultant.

The streamiine pettern and the velociuvy distribution for the 7000 ft
lavel are somewhat similar to those observed synoptically. For sxample, the
ares of streamline convergence and strongest veicoities on the rear side of
the gtorm ars often shown by siroreft reoonnaissance data (cf. Thompson, 1951).

The straamline pattern at 45,000 ft shows a pattern very differeunt from
that of the low levsls. gclonic ocirculation is obzerved near the storm center,
sccming anticyclonic at 3°=4¢ latitude from the storm center. The extent of

*he influence of the tropioal cyclone appears to be greater to the right of
the storm than to the left. The fairly straight flow at §%°-60 latitude from
the center in ootants VI end VII appears to be cutnide the circulation of the
tropical storm.

The olozed anticyslonic cell indicated by the streamlines at the upper
levels does not appear to be s fietitious feature introdused by the averaging,
since in partieular storma individual stations in octants II and _TII show a
rapid cleskwise turning of the wind with time (of. La Benr and Jordan, 19562).
hlso, individual station reports verif. the innsr core of cyolealc sirsulation
shown at the 45,000 f level.t |

A different pattern is shown by subtrasting the averags storm movement,
11 knots, from the streamlinn pattsrn at 45,000 £t (Fige 7) to obtain the mo—
tion of air particles relstive to the storm center. The resulting pattern
shows outflow in alil the cctants. This large outflow at the higher levels
agrees with the pattarn discussed by Riehl ?1948).

It 18 the principal resulw of figures 6b and 7 that in the high tropo-
sphere a ring of clockwise ciroulating air surrounds en inner core where the
eiroulation iz still oyeleorine In the shear zone between thess two rings we
obsarve smaller slockwize rotating eddies. Whether or neot the partisular lo=-
oaticn of these sddies asz given in figures 8B~7 holde in all individual oases
18 open to jusstion. But 1t is reasonable to suggest that the basie flow pro-
porties suggested by these figursz will be c¢teserved in most stormse Theee
properties are sketehad sgain in model form in figure 8. This model triec io
represent mainly the tanzential flow sompcnent. We can obtain streamlines
corresvonding to figures 6b-7 by adding app-opriste outflow somponsutes The
ohoice of the mumber of clockwise subeddies in figure 8 15, of course, arbi=
trary. 3But it may Le suggestsd that this number is related to the number of

*radar bands® (Wexler, 1946=1547) found spirslli ing toward the center in the
low levslsa.

1 9
“For example Miami, Fla., Aup. 3” 29, 194%; Guem, M. I,; Sept. 12, Oot.l,
Cote 45, 1045+ Qkinawa, Re 1., Jduly 15=20, 1¥45.



Sumary

The putters 32 the Tind ciraulatior abou+t the tropiocal oytlene indicated
by this study is ip genera! sgrwement xith tbt- mcdel of Riehl (1951)s The
me jor region cf inflow ie aonfined te +he lomuet 10,000 £t and the ontflow
o:cars primcipally above 30,000 ft. In tha rezion 10,000 f4- 30,000 ft the mean
radial flow may be direotsd outward or inward dspending upon such fastors as the
site and intensity of the storm and its stage ot develcpmernt.

Tho mcan ‘angential cemponant dsoreases witi. slevation moch more rapidly

in the outer portion of the storm thar near the centere <ZThus the oyolonic cir-
coulatica of the storm covers mmoh less arsa at the 40,000 ft level than {4 4does
et the 16,000 ft level. Assosiated with ths more rapid deoreass of the tangerm
tial enmranant 4 the cuter portions, the hori:ioutal shear bsocmss mmoh stsoager
at the upper levels. The anticyclonic shear is sufficiently strong so that even
in this mean ploture the absolutas vcrtioity approaches rero. The nuiflow odours
Just at those levels where tne absolute vcrticiiy is the smallest.
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Fig. 6. Streamlines drswn from r

wind spesd {(knota).
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Fig. 7. Pigure €5 wila ths

averigs speed of stoera movensnt,
11 inaks, subtructed.
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